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Abstract
Antibiotics have been one of the greatest scientific discoveries for humanity. Their great
success has been hindered by the increasing of antibiotic resistance events.
Conventional wisdom considers antibiotic resistance as a strictly clinical issue. In reality,
more and more studies have proven that non-clinical environments, especially aquatic
environments, are critical factors for the spread of antibiotic resistance. Antibiotic resistance
genes (ARGs) are usually located on mobile genetic elements, which can disseminate among
taxonomically unconnected species. Therefore, environmental bacteria can serve as hotspots
for the development and dissemination of antibiotic resistance.
The aim of this thesis is to determine how human originated pollution affects the antibiotic
resistance abundance in the surrounding water environments. The case studies were three
example environments, wastewater treatment plants (WWTPs), receiving river bodies and
combined sewer overflows (CSOs).
Molecular microbiology methods have been applied to analyse the resistance levels of
bacterial communities from WWTP, CSOs and wastewater affected environments at different
European geographical locations. Additionally, a novel approach consisting in an amplicon
sequencing is described, in order to be able to investigate and asses the composition of a
significant amount of integron gene cassettes.
Findings consistently indicate that effluents originated from WWTPs and CSOs have a
significant impact on the levels of ARGs of the receiving water bodies.  Moreover, this thesis
suggests that gene blaOXA-58, could be utilized as a proxy to investigate the spread of ARGs.
Its occurrence has been reported to show, consistently throughout the chapters, lower
concentrations upstream, but at higher concentrations in the WWTP effluent, CSOs and
downstream of the effluent.
In conclusion, although antibiotic resistance genes and integrons are part of the environmental
resistome, water environments that are affected by anthropogenic wastewater display high
levels of the above-mentioned genetic elements.
These findings clearly suggest the need to limit pollution levels, as well as the need to
establish a more responsible policy in antibiotic prescriptions.
This must take place in order to be able to perform efficient risk assessments and to establish
acceptable levels of antibiotic and ARGs pollution.
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1.1 Antibiotic resistance: an increasing problem
Antibiotics are one of the greatest discovery of the 20th century, they are used worldwide to
treat and prevent infectious diseases in both human and veterinary medicine (Davies and
Davies, 2010). Particularly,
y of the currently used antibiotics were
discovered/developed during this period (Davies, 1994).
Alexander Fleming in 1928, made one of the most important discovery in the history of
mankind: penicillin, produced by the fungus Penicillium notatum. Initially the purification
and stability process of the antibiotic was problematic; by this reason, penicillin was not
immediately taken into the health care system. Its therapeutic usage was then anticipated, in
1937, by another antibiotic class, the sulphonamides (Aminov, 2010; Davies and Davies,
2010).
Since their introduction as a therapeutic drug, antibiotics have revolutionized medicine and
saved countless lives. Not only because they have given the opportunity to treat deadly
infectious diseases, but because they provided the possibility to expand the horizon towards
new kinds of medical interventions, such as major surgical operations and organ transplants
(Wright, 2010a).
Unfortunately since 1937, contemporary with the introduction of the sulphonamides on the
market, antibiotic resistance events started also to be documented (Aminov, 2010). Along
with this, the capability of antibiotic resistance to be horizontally transferred was also
discovered (Davies, 1994). Already by the 1960s, resistant bacteria against the majority of the
antibiotic present on the market were noted (Clatworthy et al., 2007; Davies and Davies,




Figure 1.1 Timeline of antibiotic deployment and the occurrence of antibiotic resistance (Clatworthy et al., 2007)
The intensive use and misuse of antibiotics are widely considered to be one of the major
factors in influencing the promotion of antibiotic resistance (Hermsen et al., 2012; Wright,
2010a). The prescription of antibiotics without the presence of a bacterial infection (Allen et
al., 2010) and patients not completing the prescribed length of the antibiotic therapy
(Laxminarayan et al., 2006), are examples of antibiotic misuse. Self-medication with
antibiotics is an alarming phenomenon that not only involves developing countries, strongly
influenced by socio-economical factors, as poor patients are more likely to terminate the
antibiotic therapy as soon as they feel better (Alvarez-Uria et al., 2016), but also the European
Union (EU), where 7% of antibiotics are taken without prescription (Lescure et al., 2018).
Today, antibiotic resistance is an overwhelmingly global threat recognised by numerous
authorities and organizations (CDC, 2013; FAO, 2016; ReAct, 2016; WHO, 2014). Many
bacterial infections can still effectively be treated by antibiotics. On the other hand,
therapeutical solutions for some strains, such as bacteria carryi -
lactamases (ESBL) (e.g. extensively drug resistant Mycobacterium tuberculosis, multi-drug
resistant Acinetobacter baumannii, Neisseria gonorrhea, Pseudomonas aeruginosa, and
Enterobacteriaceae) which confer resistance to penicillins and many cephalosporins, are
becoming progressively fewer (Appelbaum, 2012; Wright, 2010a). The rise of these, so
defined, superbugs is of increasing concern (WHO, 2017). Superbugs are both commensal
and pathogenic bacteria that are able to withstand multiple classes of antibiotics and are also
called multidrug resistant (MDR) bacteria (Mahfouz et al., 2018). If effective and serious
measures will not be taken into place soon, MDR isolates are going to be the main reason why
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modern society will be pushed back into conditions that will resemble a pre-antibiotic era
(Leung et al., 2011).
1.2 Intrinsic antibiotic resistance and horizontal gene transfer
Antibiotic resistance can be categorized as intrinsic or acquired. Resistance is classified as
intrinsic when it is naturally occurring and naturally present in the bacterial chromosome and
is not a result of antibiotic selection (Cox and Wright, 2013). Besides vertical transmission,
the transmission of DNA from mother to daughter cell, antibiotic resistance can also be
acquired due to spontaneous mutations and from the acquisition of antibiotic resistance genes
(ARGs) from bacteria that share the same environment, via horizontal gene transfer (HGT)
(Sørensen et al., 2005).
Cell transformation by free DNA, bacteriophage-mediated transduction and conjugation, are
the three main processes of HGT.
1.2.1 Transformation
Transformation is the process by which some bacteria are able to uptake ARGs, along with
other genes (e.g. virulence), directly from the surrounding environment (Johnston et al.,
2014). In order for transformation to occur, the recipient strain must enter a state of so-called
competence. A transitional phase where bacteria can upregulate sets of protein expressing
genes that are capable to transport DNA and mobile genetic elements (MGEs) through the cell
membrane (Chen and Dubnau, 2004). The taken up DNA must undergo recombination in
order for the recipient bacterium to utilise the acquired genes. DNA recombination efficiency
is significantly affected from how related the taken up DNA is with the DNA of the host
bacterium. Therefore transformation is more likely to occur among closely related bacteria
(Brigulla and Wackernagel, 2010; Davison, 1999). On the other hand, it has been shown by
various studies that interspecies exchange of DNA is more efficient if the foreign DNA
carries MGEs, such as transposons, integrons and/or gene cassettes (Domingues et al., 2012;
Mao and Lu, 2016; von Wintersdorff et al., 2016). Therefore, as MGEs are often associated
with antibiotic resistance genes, transformation occurring in natural conditions might have a
bigger impact on the dissemination of antibiotic resistance than previously believed.
1.2.2 Transduction
Transduction is the process by which bacterial DNA is introduced into another bacterium by
bacteriophages. This mechanism is usually distinguished into two different processes:
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generalized and specialized transduction. In generalized transduction, the phage picks up any
part of the bacterial chromosome, while in the case of specialized transduction, the
bacteriophage picks up sections of the bacterial DNA that are adjacent to its integration cite in
the chromosome (Parkinson, 2016). As transduction plays an important role in relocating
sections of microbial DNA, it is considered to be an important pathway for the dissemination
of ARGs. In support of this rationale, various genes conferring resistance to antibiotics have
been found in bacteriophages, such as -lactamase genes (Rolain et al., 2012), methicillin
resistant gene commonly found in Staphiloccoccus (mecA) (Colomer-Lluch et al., 2011) and
quinolone resistance genes (qnrA and qnrS) (Brown-Jaque et al., 2018).
1.2.3 Conjugation
Bacterial conjugation is a mechanism which allows the transfer of genetic material from one
cell to the other by direct contact (Davies, 1994; Holmes and Jobling, 1996; Kneis et al.,
2019). During the conjugation process, the donor cell transfers a conjugative element or a
MGE that is usually a plasmid. The recipient cell that has acquired the plasmid is called
transconjugant, in order to be distinguished from the original recipient.
The transfer of ARGs via conjugation has been reported numerous times, leading conjugation
to be considered as the most relevant mechanism for HGT (Davison, 1999). Conjugation has
been demonstrated to occur also among species belonging to different taxonomic groups, even
between bacteria and eukaryotes (Bates et al., 1998).
1.3 Gene transfer elements
Both transformation and transduction are processes through which bacterial cells transfer
genes located on the chromosomes, while conjugation is the mechanism that promotes the
exchange of extrachromosomal genes mainly via MGEs such as plasmids. Transposable
elements and integrons are other MGEs that are able to change their genetic location within
the bacterial cell or capture and express exogenous genes, respectively (Gillings, 2014; Singh
et al., 2014).
Plasmids are circular, double-stranded DNA molecule independent from the chromosomal
DNA; they carry genes that are advantageous for bacterial survival, such as ARGs (Bennett,
2008; Casali and Preston, 2003; Wellington et al., 2013). Plasmids can be classified as
conjugative and mobilizable plasmids. The only common protein component for all the types
of plasmids is the relaxase, a key protein in conjugation. What discriminates between
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conjugative and mobilizable plasmids is the presence of the mating pair formation (MPF)
complex. Conjugative plasmids, which encode for the MPF complex, are able to regulate their
transfer from cell to cell. While plasmids which do not carry MPF complexes are called
mobilizable and can only rely on MPF that are encoded by other plasmids in order to transfer
to another cell (De La Cruz et al., 2010; Smillie et al., 2010).
Furthermore, transposable elements, such as transposons are DNA sequences capable of
changing their position within a chromosome or non-chromosomal element in a cell and can
influence the genetic identity of the cell by altering its characteristics (McClintock, 1950).
Transposons are relatively large elements, containing additional functional genes besides the
ones needed for transposition, those genes are often ARGs. Transposons can move across the
bacterial genome, for example from the chromosome to a plasmid, enabling an ARG on a
transposon to spread in a bacterial community (Pray, 2008).
Similarly to transposons, integrons are genetic elements that allow bacteria to evolve and
adapt to the surrounding changing conditions. Integrons are capable of capturing and
expressing the information contained into gene cassettes, which often contain ARGs (Gatica
et al., 2016; Kovalevskaya, 2002) (Fig.1.2).
Figure 1.2 General structure of a clinical integron. Gene cassettes (GC1, GC2) qacE and sul1 genes are
inserted on the integron by the Intl1 integrase gene. The promoter site (Pc) and the recombination site (att1) are
indicated by circles.
The common and essential feature that is present in any type of integron is the integrase gene
(Intl). A gene that is able to catalyse the integration of gene cassettes into the integron
recombination site (att1).
Integrons play a key role in the dissemination of antibiotic resistance, as they are often
incorporated in conjugative plasmids and transposons, fostering their horizontal spread into a
broad range of possible hosts (Ghaly et al., 2017; Gillings et al., 2008a). Recent studies
examined integrons originated from various environments, and found that all the ones that
were isolated from clinical samples carried genes encoding for resistance to disinfectants
(qacE ) and to sulphonamide (sul1). While integrons isolated from DNA originated from
pristine environment were not associated to the above-mentioned gene cassettes. This finding
oxy for anthropogenic pollution, as the presence
of such genes confer significant advantages to the cells that are present in human impacted
environments (Gillings et al., 2015).
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1.4 Antibiotic resistance and anthropogenic impact on surrounding
environments
Antibiotic resistance is not a phenomenon exclusive of clinical originated pathogens, but is an
ancient natural mechanism . It is thought to originate
from antibiotic-producing bacteria as a protection mechanism against the antibiotic they
synthesize, such as the genus Streptomyces (Benveniste and Davies, 1973; Perry et al., 2016).
Antibiotics are ubiquitous and have always been present in the environment. But it is
indisputable that extensive anthropogenic activities, besides direct antibiotic use (in
agriculture, animal husbandry, fish farming and waste disposal) (Baquero et al., 2008;
Economou and Gousia, 2015; Muziasari et al., 2014), have triggered selection events,
contributing to the emergence and spread of antibiotic resistance.
Antibiotic resistance, in the form of antibiotic resistant bacteria (ARB) and ARGs, is
omnipresent in the environment, it has been detected in samples originated from pristine soil
(Van Goethem et al., 2018), in both water and bottom sediment of rivers (Heß et al., 2018),
marine environments (Hatosy and Martiny, 2015; Muziasari et al., 2016), wildlife (Swift et
al., 2019) and wastewater treatment plants (WWTPs) (Caucci et al., 2016; Pärnänen et al.,
2019; Rodriguez-Mozaz et al., 2015).
Environmental bacteria mix and exchange their genetic material with pathogenic bacteria,
mostly of clinical origin, in so-called hotspots, which are mainly of human origin, such as
WWTPs (Rizzo et al., 2013). WWTPs collect wastewater of various origins, being
households, hospitals and animal farms. WWTPs are indisputably considered to be a reservoir
of ARGs and ARB (Schlüter et al., 2008; Szczepanowski et al., 2009) and therefore they are
acknowledged as a source of antibiotic resistance pollution. They have extremely
heterogeneous matrixes with a high cell density, abundance of nutrients and the occurrence of
antimicrobial residues (which act as selective pressure) promote HGT among bacteria.
The downstream environments must endure a significant exposure to ARB and ARGs, as a
consequence of the enrichment of antibiotic resistance that occurs in WWTPs. In fact,
numerous researches have reported an increase of ARB (Li et al., 2010; Tehrani and Gilbride,
2018), ARGs (Berglund et al., 2015; Sabri et al., 2018) and antibiotic residues (García-Galán




Antibiotic resistance is known to be a global threat, which needs to be addressed and
understood. The use and misuse of antibiotics has created multi resistant bacteria, flooded the
environment with antibiotic resistance genes, limiting the possibility to treat bacterial
infections in a successful way.
In this thesis, it has been investigated how anthropogenic pollution affects the antibiotic
resistance abundance in the surrounding water environments. The case studies were three
example environments, WWTPs, receiving river bodies and combined sewer overflows
(CSOs).
WWTPs are overwhelmingly considered as hotspots for antibiotic resistance and horizontal
gene transfer. In chapter 2 it was investigated the relationship that exists between seasonality
of antibiotic prescriptions and the abundance of resistance genes in the inflow and the outflow
of a case study WWTP.
Gene quantification from environmental samples may be affected by several factors.
Therefore, in chapter 3 it was assessed whether the quantification of specific ARGs made in
different laboratories can be compared and if it is possible to determine the degree of
variation.
In addition, in chapter 4, a large-scale geographic analysis of the levels of ARGs and class 1
integrons discharged by different European WWTPs was performed. In order to assess the
impact of WWTPs on the abundance of ARGs in downstream environments.
Integrons are ubiquitous in the environment and their abundance is often correlated to local
anthropogenic pressure. Therefore, they are widely considered as proxies for source tracking
of anthropogenic impact in the environment. In chapter 5, it has been determined the
composition of integron associated genes, via amplicon analysis with high-throughput next-
generation sequencing technology, in effluents from 12 European WWTPs. In order to deepen
the understanding and capacity to characterize integrons in natural environments.
Finally, in chapter 6, the impact that CSOs have on the surrounding water environments has
been assessed. Furthermore, to have a basis for comparison, their load of ARGs has been
compared to the relative WWTP effluent.




Antibiotic consumption is undoubtedly considered as the major driving force of antimicrobial
resistance, especially in human pathogens. Clinical studies have demonstrated a correlation
between antibiotic resistance and antibiotic use, in the form of prescription patterns (Hutka
and Bernard, 2014; Lepper et al., 2002; Suda et al., 2014).
As antibiotics operate a selective pressure on human gut microbiota during their
administration and as antibiotic prescription show seasonal variation, it is rational to expect
that the abundance of antibiotic resistance gene excreted by humans and collected in WWTPs,
follows the same pattern (Sun et al., 2012).
Sewer systems and WWTPs have the optimal conditions that foster the selection and the
spread of antibiotic resistance through HGT (Berendonk et al., 2015; Rizzo et al., 2013). They
work as connectors between human and natural environments, thus their strategic role in
discharging both resistant and not resistant bacteria in the surrounding water environments. In
particular, treated wastewater that is used for irrigation purposes should receive particular
attention (Pruden et al., 2013).
The technology that drives WWTPs is effective in reducing the total bacterial strains in the
wastewater (Alexander et al., 2015; Pärnänen et al., 2019; Schwartz et al., 2006), but not
much is known in regard to the shaping effects that those facilities have on the total bacteria
communities during the different treatment steps.
In this study, samples have been collected over a two-year period with a seasonal interval
(approx. every three month), from both the inflow and outflow of the WWTP of the city of
Dresden (Germany). The abundance of ten ARGs has been quantified via quantitative real-
time PCR (qPCR). Additionally, on the same set of samples, the microbial community
composition has been investigated via Illumina Miseq sequencing. The main focus was to test
the hypothesis that the abundance of ARGs and bacterial community fluctuations in WWTPs
are seasonally influenced and therefore correlated with the consumption of antibiotics among
outpatients.
2. Genetic variations of the resistome of wastewater treatment plants driven by the seasonality
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2.2 Materials and methods
The WWTP of Dresden-Kaditz has a loading capacity of 650,000 population equivalent (PE),
and has a catchment area of about 9400 km2 with, to the best of our knowledge, no industries
producing or applying significant amounts of antibiotics (e.g. industrial or animal factories).
The sewer network of the north and south areas of the city reach the WWTP through separate
pipe systems and it is mixed in a unique inflow (MIXED INFLOW) while approaching the
WWTP. Wastewater is processed via activated sludge technology and the treated wastewater
(OUTFLOW) is afterwards released into the river Elbe.
The sampling campaign lasted from April 2012 to December 2013. During this time, samples
of inflow wastewater (MIXED INFLOW) and treated wastewater (OUTFLOW) were taken at
least ones per season. One litre of 24hrs composite wastewater samples were collected.
Triplicates of 20 mL each of MIXED INFLOW and 50 mL of OUTFLOW were filtered
through polycarbonate filters (pore size 0.22µm, diameter 47mm, GE Water & Process
Technologies). DNA was extracted using MoBio PowerWater® DNA isolation kit (MoBio
Laboratories, Inc., CA, USA). The concentration of extracted DNA was measured using a
NanoDrop® Spectrophotometer ND-1000 (Thermo Scientific, Waldham, USA).
Ten ARGs known to be possible indicators to assess the antibiotic resistance status in
environmental settings (sul1, sul2, tetM, qnrB, blaSHV-34, blaCTX-M32, blaOXA-58, blaKPC-3, MecA,
and dnrfA1) (Berendonk et al., 2015) and the 16S rRNA encoding genes were investigated.
The qPCR were performed using a Dynamo Flash SYBR Green qPCR kit
(ThermoScientific).The thermal cycling conditions were as follows: 95 °C for 7 min, 40
cycles at 95 °C for 10 s and Tm for 30 s. Reactions were conducted in 10 µL volumes on 96-
well plates containing 1× Dynamo Flash SYBR Green master mix, 0.3 µM of each primer and
1 × ROX passive reference dye. Melting curves were obtained to confirm amplification
specificity. Both samples and standards were analyzed in technical duplicates. Data analysis
was performed by using the Realplex software (Eppendorf AG, Hamburg, Germany).
The abundance of the clinical relevant ARGs was quantified by performing qPCRs targeting
ARGs fragments cloned into plasmid vectors, in order to use them as standards. While the
16S rRNA quantification standard was a genomic DNA from E. coli K12 (genome size 4.6
Mbp with seven copies of the rRNA operon).
Statistical analysis and taxonomic classification were performed in accordance to what has
been described previously by Caucci et al (2016).
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The prescription data were provided by the AOK PLUS, the largest statutory health insurance
company in the State of Saxony, Germany. About 41% of the population of Dresden is
insured with the AOK PLUS. Ambulant data for 2012 and 2013 were provided weekly. Three
in-house hospital pharmacies, which cover circa 65% of the hospital beds in the WWTP
catchment area, also provided prescription data. The ambulant (out-patient) turned out to be
the predominant sector to receive prescribed antibiotics, compared to the hospitalized (in-
patient) group. With the exception of some antibiotics which were prescribed in equal
amounts in both sectors (e.g. cephalosporins and fluoroquinolones) or predominantly
prescribed in hospitals (e.g. cephalosporines like cefotaxime and penicillins like penicillin V).
The prescriptions information by AOK Plus was provided as the defined daily dose (DDD),
indicating the assumed average maintenance dose per day for a drug used for its main
indication in adults (Merlo et al., 1996). Providing an estimation of consumption. In addition,
also socio-demographic data, such as year of birth and actual residence, were supplied.
In order to further validate the data, an analysis of the pharmaceutical registration number was
performed (Timpel et al., 2016).
2.3 Results and discussion
This study wanted to characterize the variability and persistence of multiple ARGs in the
Dresden municipal WWTP inflow and outflow during a two-year monitoring campaign. In
order to correctly assess the long-term ARGs variability in a complex environment, such as a
WWTP, a number of factors have been taken into consideration: i) the seasonality of the
variations of the levels of ARGs, ii) the relationships between ARGs abundance in the inflow
and outflow wastewater iii) the time and space variations of the microbial community
composition. We observed general trends in spatial and temporal patterns, although, we
acknowledge the complexity and depth of these parameters.
Out of ten ARGs, seven (blaCTX-M-32, blaOXA-58, blaSHV-34, sul1, sul2, tetM were
quantified in both sampling locations. blaKPC-3, qnrB, and MecA were not possible to be
quantified because either below the quantification limit (LOQ) or under the detection limit
(LOD)(Fig.2.1). sul1, sul2, and tetM were the most abundant in both inflow and outflow
wastewater, with the relative abundance of sul1 being always the highest. The higher relative
ARGs abundance and absolute amount of sul1, sul2 and tetM can be explained by a longer
history of usage of sulphonamide and tetracycline antibiotics (Pruden et al., 2006) while
quinolone resistance encoded by qnrB was first reported only in 2006 (Jacoby et al., 2006).
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Figure 2.1 Antibiotic resistance genes (ARG) copy numbers normalized to 16S rRNA gene copy numbers in
wastewater (MIXED INFLOW) and treated wastewater (OUTFLOW) of Dresden WWTP. Boxes indicate 25th
and 75th percentiles; whiskers: 5th and 95th percentiles; q: outlier ±1.5; the median is indicated by the line in
each box. The indicate the gene concentration below the detection limit. Sampling points in spring 2012 and
autumn 2012 are missing because of logistical problems (e.g. flooding of the sewer). Modified from Caucci et al.
2016.
The 16S rRNA gene abundance varied between seasons and between inflow and outflow. The
highest amount of copies was always found in spring (inflow 6.93E + 07 copies ng 1 and for
outflow 6.38E + 06 copies ng 1) and the lowest in autumn (6.90E + 05 copies ng 1 for inflow
and 1.51E + 04 copies ng 1 for outflow).
The antibiotic prescription levels were similar for both the investigated years (data not shown)
and followed the known seasonal trend (Hutka and Bernard, 2014; Sun et al., 2012). Indeed
the quantity of prescribed antibiotics to the city outpatients was always higher in the cold
months than in the warm ones. While some macrolides confirmed the general seasonal
pattern, others were either evenly prescribed over the year (quinolones, ß-lactams) or didn´t
show a defined pattern, such as cephalosporins, penicillin, sulfamethoxazole- trimethoprim
and licosamides (data not shown).
The relative ARGs levels were significantly different between seasons (Fig 2.2; P < 0.0001)
and the seasonal differences for all relative ARGs levels were independent from the location
and year (P < 0.0001). Indicating that seasonality is a driving force of the relative levels of
ARGs in wastewater.
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Also prescription rates are influenced by seasonality, as a high number of antibiotics are
prescribed by physicians in the colder months of the year (Sun et al., 2012). When lower
temperatures contribute to the increase of infections from bacteria causing diseases.
The relative abundance of ARGs in the Dresden wastewater showed a similar pattern with the
seasonal analysis for the antibiotic prescriptions for outpatients. ARGs were more abundant in
autumn and in winter, in correspondence with the yearly peak of antibiotic uptake. On the
other hand, lower levels of antibiotic prescriptions in spring corresponded to low levels of
ARGs in the wastewater. The summer season rather showed discrepancies, where the low rate
of antibiotic prescriptions corresponded to variable ARGs levels.
This discordance that occurs in summer, between the rate of prescription and the ARGs levels
in the wastewater, could be explained by the seasonal course of prescriptions of individual
antibiotic substances (Suda et al., 2014). In particular, in Dresden antibiotics such as
cephalosporins, penicillin, sulfamethoxazole- trimethoprim and licosamides have no marked
patterns of prescription (data not shown) and therefore their influence on the levels of certain
ARGs in wastewater may fluctuate according to the year taken into consideration. Moreover,
the overall amount of prescribed antibiotics influences the level of antibiotic residues present
in the wastewater and thus acts as a driving factor on the bacteria resistome over the year
(Rizzo et al., 2013).
Figure 2.2 Spatiotemporal changes in relative ARGs levels before and after wastewater treatment. Non-metric
multidimensional scaling (NMDS) plot based on Bray Curtis index of ARGs in wastewater (MIXED INFLOW)
and treated wastewater (OUTFLOW) of Dresden municipality for the years 2012 and 2013. Modified from
Caucci et al. 2016.
The described antibiotic prescription levels are in accordance to the antibiotic prescription
trends of the years 2005-2011 (Hutka and Bernard, 2014) indicating a constant trend in the
levels of antibiotics prescribed to outpatients over the years. Previous studies, performed at
the same WWTP regarding the variety of antibiotics in wastewaters, detected them in relevant
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and in sub-therapeutic concentration (Marx et al., 2015). This suggests that selective pressure
acted by antibiotics residues could foster the enrichment ARGs and trigger HGT in
wastewater (Michael et al., 2013).
In light of these considerations, although ARGs abundances in wastewater are significantly
different between seasons, the variation of ARGs might not only be limited by the
prescriptions from physicians but also involve other processes (e.g. ecological processes) in
the sewers or in the WWTP (Berendonk et al., 2015).
In general, the findings support the opinion that prescription rate of antibiotic classes has an
impact on the seasonal abundance. Nevertheless, selection of ARGs in the WWTP needs to be
further investigated in future studies.
Furthermore, from the analysis of the eventual spatial variations between ARGs levels in
wastewater and treated wastewater it was noticeable that the copy numbers of 16S rRNA in
MIXED INFLOW were one or two orders of magnitude higher than in the OUTFLOW (Table
2.1). Differences between the inflow and outflow were statistically significant in all the
investigated seasons (p<0.01).
Table 2.1 Gene copy numbers of 16S rRNA normalized to DNA content (per ng of DNA) for MIXED INFLOW
and treated wastewater (OUTFLOW). Modified from Caucci et al. 2016.
Area Season 2012 2013

















On the other hand, no significant difference between the overall ARGs levels of MIXED
INFLOW and OUTFLOW, were found for the two years taken into consideration for this
research. The relative copy numbers of ARGs did not decrease significantly during treatment
(p<0.0001).
In accordance to our findings, previous studies have already demonstrated a low decrease in
ARGs relative abundance during treatment (Alexander et al., 2015; Laht et al., 2014).
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The variability of ARGs relative abundance within samples is explained by the type of gene
and the season. The gene encoding for sulphonamide resistance, sul1 showed the biggest
variation of its relative abundance, while blaCTX-M-32 and blaOXA-58 did not show a strong
variation between the investigated seasons. For all the ARGs, colder seasons (autumn and
winter) lead to the highest relative abundance levels.
The qPCR result suggested that the difference in ARG abundance could be associated to the
seasons rather than to the WWTP treatment processes, suggesting exploring the effects of
seasonality on the composition of the bacterial community of both untreated and treated
wastewater.
From the microbial community analysis, a final number of 5590 OTUs resulted from 43
analyzed samples, each of them containing sequences that shared at least 97% identity.
MIXED INFLOW and OUTFLOW resulted in two distinct microbial community structures
(Fig.2.3; p<0.001). The year and season was not statistically significant for the discrimination
of microbial communities (p=0.8). A total of 85-90% of the highly diverse bacterial
community in all samples was represented by the Phyla Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria.
Figure 2.3 Spatiotemporal changes in wastewater community structures before and after wastewater treatment.
Non-metric multidimensional scaling (NMDS) plot based on Bray Curtis index of ARGs in wastewater
(MIXED INFLOW) and treated wastewater (OUTFLOW) of Dresden municipality for the years 2012 and 2013.
Modified from Caucci et al. 2016.
Compared to MIXED INFLOW, the OUTFLOW displayed a higher phylogenetic diversity (P
< 0.001) and higher richness among temporal replicate samples (more OTUs in winter and
summer). The genera and family richness in the MIXED INFLOW water samples did not
differ significantly. With the only exception of spring, the microbial diversity in the treated
wastewater was higher than in the untreated one. In this case, the lower diversity was not due
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to the reduced bacterial abundance because among all outflows, the spring outflow displayed
the highest microbial abundance (Table 2.1). Moreover, the low ARGs levels in spring
suggest that not the amount but the richness of bacterial community is driving the relative
abundance of ARG in wastewaters.
Despite the distinct community differences, displayed by the CCA analysis, between treated
and untreated wastewater, the fitting of ARGs absolute abundances to the wastewater
community composition weakly correlated with most of the investigated ARGs. Indicating
that ARGs abundance is not shaping the microbial community (Fig 2.4). Compared to the
other investigated ARGs, sul1 accounted for 24% of the variation of microbial community
and correlated positively with the OUTFLOW.
Figure 2.4 Canonical Correspondence Analysis (CCA) of MiSeq community profiles from inflow and outflow
with passively fitted relative ARGs abundance. Blue arrows indicate the magnitude of the relative abundance of
ARGs. The bacterial genera present in inflow and outflow water are indicated by red crosses; differently
abundant genera between inflow and outflow are marked with green triangles, MIXED INFLOW: open circles;
OUTFLOW: filled circles. Modified from Caucci et al. 2016.
As for the relative abundance of ARGs, the absolute levels of sul1, tetM and sul2 have been
found to be the most abundant in the microbial community in both investigated years.
Overall, community analysis indicated that changes in ARGs absolute abundance were not
related to changes in community structure.
In 2012, the absolute abundance of all the analyzed ARGs decreased through the treatment
steps of the WWTP. Reduction eventually related to the high bacterial removal rate typical for
conventional WWTPs. On the other hand, 2013 showed a less effective reduction in the
absolute abundances of blaSHV-34 and tetM (Fig 2.5).
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Figure 2.5 Absolute ARG abundance (copy numbers ml 1) in MIXED INFLOW and OUTFLOW. Absolute
ARG levels are separate for the year 2012 and 2013. Modified from Caucci et al. 2016.
These findings demonstrate that the influence of the wastewater treatment on the reduction of
the ARGs levels (absolute and relative) is strongly dependent on the season and type of
ARGs.
2.4 Conclusions
In this chapter, we prove a seasonality of the abundance of ARGs in the WWTP of the city of
Dresden. Seasonality that is independent from the type of treatment process or the microbial
composition within the facility. Instead, correlated to the seasonality of antibiotic prescription
for outpatients.
Furthermore, the wastewater treatment did not foster a reduction of the relative abundance of
ARGs. On the other hand, the analysis of the microbial community indicated defined
differences between raw wastewater and treated wastewater. Suggesting that the bacteria
carrying the ARGs are not the predominant group in the WWTP bacterial community or that
HGT processes, taking place throughout the facility, play an essential role in disentangling the
bacterial community and the ARGs profiles.
These finding suggest the need for further investigations in order to shade light on the
dynamics of ARGs and the corresponding bacterial group.





A comprehensive overview of the levels of ARGs discharged by different WWTPs is only
possible if results produced and analyzed in different laboratories, are comparable. For such a
purpose, a method that can achieve high specificity, provide reliable and reproducible
quantifications and quantifiable ranges of variation, is the best choice.
Real-time quantitative PCR is one of the preferred methods to quantify ARGs in
environmental compartments. This preference includes the high specificity and sensitivity
and, most importantly, the possibility to get a quantitative result based on the interpolation of
a standard curve for the same gene. However, gene quantification in environmental samples
presents some challenges, since several factors have the potential to influence the results
(Carrigg et al., 2007; Kim et al., 2013). For example, the DNA extraction efficiency differs
among different extraction methods and leads to fluctuations in the quantification of target
sequences (Foerstner et al., 2005; Venter et al., 2004). Also, the presence of impurities such as
humic acids, heavy metals, detergents and organic salts inhibit DNA amplification (Bessetti,
2007). In addition, qPCR analysis is known to be influenced by the operator, batch of reagents
or specificity of the equipment. In this study, the aim was to assess the degree of variation of
qPCR analysis performed in different laboratories, following identical protocols on the same
DNA extracts. This procedure aimed mainly at assessing if the eventual variations of the
quantification for a specific ARG performed in different labs can be compared and if is
possible to determine the degree of variation.
3.2 Materials and methods
Samples of treated wastewater were collected in municipal plants in Cyprus, Germany and
Portugal, named CYP, DD, and PT respectively. The German and Portuguese WWTP used a
secondary treatment that consisted in activated sludge, while the Cypriote had a membrane
bioreactor technology (MBR). Volumes of 150-500 mL were filtered through polycarbonate
PowerWater® DNA Isolation Kit (MO BIO Laboratories Inc., CA, USA) according to the
manufacturer indication. Different DNA extracts were pooled in order to obtain an amount
and concentration of DNA that could be divided by the five testing laboratories, herein
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designated as UCP (Universidade Católica Portuguesa), LCPME (Laboratory of Physical
Chemistry and Microbiology for the Environment), TUD (Environmental Sciences
Technische Universität Dresden), KIT (Karlsruhe Institute of Technology) and ARO
(Agricultural Research Organization). DNA extract aliquots were shipped refrigerated at 4 °C,
with ice packs in styrofoam boxes, to each laboratory where they were immediately stored at
Table 3.1. Conditions used in qPCR assays in the testing laboratories (Modified from Rocha et al. 2018).
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60 ºC - 1 min (45
cycles)TTTGGTCCACCTCGCCA
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qPCR was performed to quantify the gene 16S rRNA, the antibiotic resistance genes vanA,
blaTEM, qnrS, sul1, blaCTXM-32 and the class 1 integron integrases intI1 gene (Table 3.1). These
genes were selected based on their common occurrence in wastewater (Berendonk et al.,
2015). The genes were analyzed using harmonized qPCR protocols.
Genes quantification was performed in duplicate for each sample (DD1-3, CYP1-5 and PT1-
3), using the Standard Curve method as described in Brankatschk et al. (2012) The
constructed pNORM1 plasmid, linearized by BamH1, was containing fragments of the seven
target genes (Fig. 3.1), was used as reference for the standard curves. Possible qPCR
inhibition was assessed, as suggested by Bustin et al. (2009), by quantifying target genes
using 10- and 100-fold diluted samples.
Figure 3.1 Organization of plasmid pNORM1. The linearized plasmid DNA was used as a standard for all the
gene quantifications. The different building blocks used for the seven target genes quantifications are represented
with their cognate specific primers (small arrows). From Rocha et al. 2018.
Different qPCR thermocyclers were used:
USA), in UCP, LCPME, and ARO; Mastercycler® ep realplex (Eppendorf, Hamburg,
-Time PCR Detection System (Bio-
RAD, Munich, Germany) in KIT.
In order to assess variations due to the use of different master mixes, additional 16S rRNA
and sul1 genes quantifications were made. The 16S rRNA gene was tested with Maxima
SYBR Green (Thermo Fisher Scientific, Austin, USA), besides Power SYBR Green (Thermo
Fisher Scientific, Austin, USA), and the sul1 gene was tested with SYBR Select (Thermo
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Fisher Scientific, Austin, USA) besides the Fast SYBR Green (Thermo Fisher Scientific,
Austin, USA).
qPCR data was expressed as the ratio of the gene copy number per mass of DNA extract. The
% coefficient of variation (cv) between the analysis of the laboratories was calculated for each
sample and for each gene as: % cv= (standard deviation of A/average of A) ×100. Where A
stands for log (copy number of gene 1 measured in each lab per ng of DNA). The percentage
of deviation was calculated as being: % deviation
The 16S rRNA gene, sul1, intI1, qnrS, blaTEM, vanA, and blaCTX-M-32 were quantified in each
of the testing laboratories using distinct aliquots from the same DNA extract, using common
qPCR protocols and reference DNA (pNORM1). The qPCR results were analyzed based on
uniform criteria used in all laboratories: standard curve efficiency between 90 and 110%,
correct Tm value and single melting peak. Amplifications in which the melting curves showed
multiple melting peaks (additional unspecific amplification) or incorrect melting temperatures
(> ±1 °C from standards) were not considered. Any gene amplification product that was
below the limit of quantification (LOQ), in any of the respective laboratories, was not
considered for the analysis.
3.3 Results and discussion
In general, the abundance of the analyzed genes per ng of DNA could be ranked as 16S rRNA
gene > sul1 > intI1 > qnrS > blaTEM (Figure 2A-E). For 16S rRNA gene, the quantification
from ARO and KIT laboratories were in general lower than the other laboratories (~0.4 log
units) for all samples, while TUD showed most of the times higher gene copy numbers than
the other laboratories (~0.4 log units). In the case of intI1 gene quantifications, ARO showed
lower gene copy numbers than the other partners ( 0.6 log units) and TUD often quantified
this target with the highest copy numbers ( 0.4 log units). For sul1, gene quantification in the
KIT laboratory was in general lower than in the other groups (> 0.5 log units). For the qnrS
gene, LCPME, UCP, and ARO obtained in most cases similar results among them and higher
than the results obtained by KIT and lower than the results from the TUD group. For blaTEM
gene, the groups UCP and ARO showed similar findings, differing from TUD laboratory, who
quantified the highest values of blaTEM gene copy numbers in all samples ( 0.3 log units),
and from LCPME and KIT, who quantified the lowest values ( 0.4 log units).
The gene abundances were close or below the LOQ for almost all of the analyzed samples.
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The spiking of samples with blaCTX-M-32 and vanA genes confirmed that the above-mentioned
results were not the results of inhibition, as the quantification led to the expected values.
The samples originated from CYP have been often found to be below the LOQ, except for the
most abundant ones (16S rRNA, sul1 and intI1), possibly because these samples had lower
DNA concentration (3.8- , eventually
connected to the MBR implemented in this facility.
Overall, TUD laboratory produced higher values compared to the other groups. On the other
hand, the KIT facility produced, for most of the cases, the lowest quantification data among
the other laboratories. Since the observed quantification discrepancies could not be attributed
to DNA extraction or qPCR protocol differences, variations were most probably due to the
different qPCR equipment used.
3. Assessment of inter-laboratory variations of quantitative analyses of antibiotic resistance
genes
32
3. Assessment of inter-laboratory variations of quantitative analyses of antibiotic resistance
genes
33
Figure 3.2 Abundance of the genes analyzed (gene copies /ng DNA) in Dresden, Cyprus  and Portugal samples.
Average values of samples for each group for the following genes quantification: 16S rRNA (A); Intl1 (B), sul1
(C), qnrS (D) and blaTEM (E) and the respective deviations associated (a, b, c, d, e). * stands for a different
melting temperature than the positive control and # indicates that the samples gene quantification was below the
LOQ. Error bars represent standard deviation from 3 qPCR replicates. From Rocha et al. 2018.
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The errors associated with gene quantification by different laboratories could be ranked as
qnrS > blaTEM > intI1> sul1 > 16S rRNA gene (Figure 3.2 A-E). The quantification of the
qnrS gene showed the highest percentage of error, in general, higher than the other genes
(>15%), while the 16S rRNA gene quantification presented the lowest range of error (<8%).
The percentage of error for sul1 quantification, which was below 10%, although it was higher
for few samples (Table 3.2). For blaTEM and intI1 the quantification error ranged between
10%-24% and 8%-21%, respectively (Table 3.2). Overall, quantifications made by different
partners were reproducible and inter-laboratory variation was lower than 28% (Table 3.2).
Table 3.2 Coefficient of variation in inter-laboratory comparison of gene quantification in samples from Dresden
(DD1, DD2, and DD3), Cyprus (CYP A1, CYP A2, CYP A3, CYP A4 and CYP A5) and Portugal (PT1, PT2,
and PT3) samples. * indicates a different melting temperature than the positive control, # indicates that samples
gene quantification was below the LOQ. Modified from Rocha et al. 2018.
Coefficient of variation
Samples 16S rRNA blaTEM sul1 intI1 qnrS
DD1 4% 17% 9% 8% 15%
DD2 * 24% 18% 17% 24%
DD3 5% 21% 12% 13% 28%
CYP A1 7% # 7% 9% #
CYP A2 3% # 7% 8% #
CYP A3 8% # 8% 10% #
CYP A4 3% # 6% 11% #
CYP A5 6% # 8% 9% #
PT1 5% 12% 9% 12% 18%
PT2 6% 13% 10% 21% 21%
PT3 5% 10% 10% 10% 19%
Range 3-8 % 10-24 % 6-18 % 8-21 % 15-28 %
Considering TUD and KIT laboratories as outliners, as they frequently overestimated and
underestimated genes quantification, the variation of genes quantification obtained was
assessed only in the other remaining laboratories. The sharpest difference in the variation of
gene quantification was observed for the gene qnrS (<6%). The variation of quantification of
the genes 16S rRNA, sul1 and blaTEM were lower as for the genes qnrS and intI1. The
variation of intI1 quantification was lower than 15%, except for the ARO group that obtained
a substantially different result compared with the other groups, increasing the variation up to
30%. Nevertheless, the overall variation of genes quantification among the groups was below
30%. These results suggest that the variation of genes quantification between different
laboratories is higher for less abundant genes than for more abundant ones, even if the same
qPCR equipment is used. This may be related to the sensitivity of qPCR equipment. Thus,
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qPCR equipment is suggested as an important factor that influences the quantification of
genes.
As the master mix composition is another factor that might influence the variation of genes
quantification, the 16S rRNA and sul1 genes were quantified using two master mixes and the
same equipment, primer concentration and operator. For the 16S rRNA gene the Power SYBR
Green and Maxima SYBR Green master mixes were used, while for sul1 gene was tested
using the SYBR Select and the Fast SYBR Green. The qPCR that were performed with Power
SYBR Green and Maxima SYBR Green for 16S rRNA gene had an efficiency of 95% and
101%, respectively. The variation between both quantifications of the gene 16S rRNA was
overall < 2%. For the gene sul1, the efficiencies were 56% and 95%, for SYBR Select and
Fast SYBR Green, respectively. Despite the low efficiency observed with the SYBR Select
master mix, the variation of quantifications due to the master mix change was < 5.4% (Figure
3.3).
Figure 3.3 A) Results obtained by using Power and Maxima SYBR Green for the quantification of 16S rRNA
gene and  B) Results obtained by using Select and Maxima SYBR Green for the quantification of sul1 gene. #
indicates gene quantification below LOQ. Deviation bars represent standard deviation from 3 qPCR replicate.
From Rocha et al. 2018.
While the choice of the master mix may be critical to achieve adequate quantifications, the
results obtained suggest that once specific amplification is assured (e.g., without primer
dimerization or unspecific primer binding), irrespective of the mastermix used, the
quantification may be reliable.




Harmonized protocols and inter-laboratory calibration support reliable gene quantification.
The range of variation were determined to be < 28% for all laboratories involved. The qPCR
equipment played an important role on the quantification of the investigated genes, being
eventually more influent than the master mix used. Besides the bias carried by the equipment,
the nature of the environmental DNA samples may also be an influencing factor due to the
composition of the natural mixed bacterial population, and other matrix effects.
Various criteria should always be taken into consideration when interpreting qPCR outcomes.
Amplicons of individual qPCR reactions using a given pair of primers and master mix should
always display a characteristic melting temperature (±1 ºC); qPCR reactions not forming
single peaks must be excluded from the analysis, as may lead to a misinterpretation of the
gene amplification; too high concentration of DNA in an extract may cause an
underestimation and too low may hamper reliable quantifications, close or below the LOQ.
Thus, the data presented in this chapter suggest that the optimal DNA concentration should be
. Nevertheless, for less abundant genes higher DNA
concentrations should be considered. In samples with low biomass loads or in which stressed
cells may be resilient to lysis, such as those resulting from intensified wastewater disinfection
processes, some problems may arise related with the limited efficiency of DNA extraction. In
this situation, the limited DNA extraction may lower the concentration of DNA extracts
obtained. Finally, the quantification of abundant genes in diluted and non-diluted samples is
advisable to assess potential inhibitor effect.
4. Antibiotic resistance genes in treated wastewater and in the receiving water bodies: A pan-




The evolution of antibiotic resistance has historically been viewed as a strictly clinical issue
and considered to be exclusively related to the use and misuse of antibiotics (Ainsa, 2002). In
recent years, the fate of ARGs emitted from WWTPs has received increasing attention
(Berendonk et al., 2015; Jia et al., 2017; Lorenzo et al., 2018; Sabri et al., 2018; Stoll et al.,
2012). There is a worldwide consensus that raw municipal wastewater, treated effluent
wastewater, and wastewater sludge, where environmental bacteria with genetically different
(Auerbach et al., 2007; Ghosh
et al., 2009; Zhang et al., 2009) and hotspots for the evolution and spread of antibiotic
resistance (Caucci et al., 2016; Guo et al., 2017; Rizzo et al., 2013).
Even though treated wastewater contains significantly lower amounts of ARGs than raw
wastewater, various researchers have demonstrated that the discharge of treated municipal
wastewater can increase the quantities of ARGs in the receiving water bodies (Amos et al.,
2018; Jäger et al., 2018; LaPara et al., 2011; Pruden et al., 2012). Aquatic environments
downstream of WWTPs can eventually be enriched also with mobile genetic elements, such
as conjugative plasmids, integrative and conjugative elements (ICEs), transposons and
integrons (Di Cesare et al., 2016; Marano and Cytryn, 2017; van Hoek et al., 2011), which
represent effective carriers of ARGs (including multi-resistances). Currently, little is known
about the mechanisms controlling transport, transfer and accumulation of ARGs in these
aquatic systems. According to the scientific literature, we hypothesize that WWTP effluents
may serve as a source of ARGs and mobile elements carrying resistance for downstream
aquatic environments, independent from the treatment processes in a specific WWTP and the
country of origin (Freeman et al., 2018; Karkman et al., 2018; Liu et al., 2018). In addition,
among the screened ARGs and genetic elements, we hypothesize that intI1 is the most
abundant genetic component in both effluents and water environments, relative to other
antibiotic resistance elements that are being screened, since it is a genetic platform enabling
the capture of over a hundred known resistance gene cassettes (Gillings et al., 2015; Khan et
al., 2013). Nevertheless, studies on a larger geographic scale supporting these findings are still
largely lacking. This is unfortunate, because it is generally accepted that ARGs, as
environmental contaminants, have to be monitored in order to generate information as a base
4. Antibiotic resistance genes in treated wastewater and in the receiving water bodies: A pan-
European survey of urban settings
38
for risk assessment (Berendonk et al., 2015). A large-scale geographic analysis of the levels of
ARGs discharged by WWTPs, comprising different treatment technologies and geographical
locations, and their effect on the receiving waters is still missing. To obtain such d
method that can achieve high specificity, based on targeted detection, rendering reliable and
reproducible quantifications and therefore quantifiable ranges of variation, is the best choice.
qPCR is currently the best candidate for such an applicati (Rocha et al., 2018).
Accordingly, the objective was to quantify the abundance of selected ARGs and intI1 in
WWTPs effluents and their receiving waters across Europe and to document the possible
impact of WWTPs on their receiving water.
Ten antibiotic resistance determinants, considered to be relevant indicators of the resistome of
different environments (Berendonk et al., 2015; Rocha et al., 2018), were investigated in this
study. The ARGs conferring resistance to antibiotics of different classes such as beta-lactams,
sulfonamides and tetracycline were chosen, as recognised to be widely occurring in urban
wastewater and water environments (Narciso-da-Rocha and Manaia, 2016; Szczepanowski et
al., 2009). The ARGs encoding for broad (blaKPC-3) and extended-spectrum (blaOXA, blaCTX-M
and blaTEM -lactamases (ESBL) were chosen in relation to their ability to confer resistance
against an essential class of antibiotics for the treatment of infectious disease (Graham et al.,
2016). The gene mcr-1 encodes colistin resistance and its occurrence and prevalence in
WWTPs and surrounding environments is still largely unknown (Poirel et al., 2016). This
gene is of particular interest because, to the best of our knowledge, it has only been detected
in treated wastewater by two other groups (Hembach et al., 2017; Lekunberri et al., 2017).
The intI1 gene, encoding the class 1 integron integrases, is highly abundant in both
wastewater and freshwater environments and therefore, is commonly used as an indicator for
anthropogenic pollution because of linkage to gene cassettes containing genes conferring
resistance to antibiotics (Gatica et al., 2016; Power et al., 2013).
4.2 Materials and methods
Two different sampling campaigns were performed. In the first campaign 1 L of a 24h
composite treated wastewater samples were collected during three consecutive days (14 th, 15th
and 16th of October 2014) from 16 urban WWTPs in 10 different European countries (France,
Italy, Norway, Portugal, Germany, Netherlands, Cyprus, Turkey, Austria and United
Kingdom) (Table 4.1). All participants provided metadata (e.g. weekly discharge averages,
WWTP characteristics, weather conditions etc.) by filling in a common survey (Table 4.1).
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FR France 500,000 2002 7 1
IT Italy 700,000 1988 1 1
NO1 Norway 700,000 2008 5 2
NO2 Norway 150,000 2010 2 2
PT Portugal 160,000 1986 0 1
DE1 Germany 140,000 2001 2 2
DE2 Germany 740,000 2006 8 1
DE3 Germany 550,000 2007 10 1
DE4 Germany 4,500 2013 1 2
DE5 Germany 440,000 2015 3 1
DE6 Germany 50,000 2012 - 1
NL Netherlands 500,000 1991 3 2




900,000 1950 1 1
TR Turkey - 2008 5 1
AT Austria 42,000 2007 1 1
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The second sampling campaign took place 11 months later (8th, 9th and 10th September 2015).
In addition to the WWTP effluent samples (same procedure as in the first campaign), the
corresponding receiving water bodies were sampled as well. Four WWTPs (IT, NO1, CY and
DE6) had to be excluded from this extended sampling because the receiving waters could not
be accessed with reasonable logistic effort.
Grab samples were collected both upstream and downstream of the discharge point of the
WWTP. Volumes of 500 mL of water were collected from each of the two sides of the water
body and subsequently mixed to obtain 1 L integrated grab sample. In order to harmonize and
standardise the sampling amongst the participating countries, the downstream samples were
taken at a specified distance from the WWTP equalling 10 times the width of the river.
After sampling, the samples were transferred in sterile glass bottles to local laboratories,
°C prior to DNA extraction. DNA was extracted from the three filters using
the PowerWater DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA) according to the
replicates were pooled to reduce variations in extraction efficiencies and sampling. The
concentration of extracted DNA was measured using a NanoDrop® Spectrophotometer ND-
further analysis.
A total of nine resistance genes: blaTEM, blaOXA-48, blaOXA-58, blaCTX-M-15, blaCTX-M-32, blaKPC-3,
sul1, tetM, mcr-1, the 16S rRNA encoding genes and the class 1 integron integrase intI1 gene
were quantified (Table 4.2).
qPCRs were performed in 20µl reaction volumes in 96-well plates on a Mastercycler® ep
realplex (Eppendorf, Hamburg, Germany) containing 10 µl 1x Luna® Universal qPCR Master
lease-
et al. 2018). The qPCR cycling conditions for all reactions were as follows: 95°C for 10 min
for DNA polymerase activation followed by 40 cycles of 15 s at 95° C and 1 min at respective
temperature for primer annealing and elongation. Melting curves were obtained to confirm
amplification specificity. Both samples and standards were analyzed in technical duplicates.
All the analyses were performed in the same laboratory. Data analysis was performed by
using the Realplex software (Eppendorf AG, Hamburg, Germany) and according to the
procedures described in Rocha et al., 2018.
4. Antibiotic resistance genes in treated wastewater and in the receiving water bodies: A pan-
European survey of urban settings
41
Table 4.2 qPCR cycling conditions. From Cacace et al. 2019
Target Gene Primers sequence (5'-3') Conditions
16S rRNA
TCCTACGGGAGGCAGCAGT
95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,
60 °C - 30 sec (40 cycles) 95 °C - 15 sec
(1 cycle)
CATAGGCATTGCTGTGCGTC
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Abundance of the above-listed ARGs was quantified via qPCR targeting different fragments
of ARGs that were cloned into plasmid vectors and used as standards. The fragments of 16S
rRNA, intI1, sul1 and blaCTX-M-32 designed
by Christophe Merlin for the NORMAN project (www.norman-network.net;Hembach et al.,
2017; Rocha et al., 2018; Stalder et al., 2014). The rest of the ARGs were quantified by using
pUC19 plasmids including the corresponding gene fragment (Heß et al., 2018). Plasmid-DNA
was extracted by a QIAprep Spin Miniprep Kit (Hilden, Germany) and used after linearization
blaCTX-M-15
CTATGGCACCACCAACGATA
95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,





95 °C - 10 min (1 cycle); 95 °C - 15 sec,
55 °C - 30 sec (40 cycles) 95 °C - 15 sec
(1 cycle)
CTGTTTGATTACAATTTCCGC
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to generate a standard curve (between 108 and 101 copy numbers) in duplicate for each qPCR
run.
The impact of a WWTP on the receiving river is best reflected by the ratio of ARG
concentrations measured downstream and upstream of the discharge site (Cd/Cu). In practice,
it is difficult to define and uniformize the Cd and Cu sampling sites and therefore assess how
representative those values are for the respective cross-sections. Moreover, even though
composed water samples from both river banks were used in this study, the quality of the
downstream measurements (Cd) remains particularly sensitive to incomplete mixing. While
the downstream sample could have been taken very far from the WWTP so as to guarantee
complete mixing of effluent and river water under all circumstances, this option has not been
adopted for two reasons. On the one hand, the measurements might easily be affected by
further unknown sources of ARG located between the effluent pipe and the sampling point.
On the other hand, the effects of in-stream processes such as settling and bacteria attachment
would gain in importance as the travel time between the effluent and the downstream
sampling site increases. In view of these difficulties, and also as an exercise to test whether
the use of available data can be used to predict the dissemination of ARGs in surface water, it
was decided to complement measured values of Cd with independent estimates derived from
the mass balance (Eqn. 4.1) where Ce and Qe denote the concentration and discharge of the
WWTP effluent, respectively and Qu represents stream flow upstream of the plant.
Cd= (Cu*Qu+Ce*Qe)/(Qu+Qe) Equation 4.1.
As compared to measured values of Cd, the estimates computed with Eqn. 1 are unaffected by
incomplete mixing or in-stream processes, nevertheless, they are sensitive to inaccuracies in
the flow rates Qe and Qu.
All statistical analyses and visualizations were performed in R version 3.4.4. The Welch test
was used to check for significant shifts in location and input data were log-transformed as
necessary. Where appropriate, p-
method to minimize the chance of false positive outcomes in multiple test problems (Holm,
1979). Data associated with the individual days of a sampling campaign were not aggregated
into mean values but rather processed in original form so as to retain as much of the variance
as possible.
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4.3 Results
Averaged bacterial abundance (measured as 16S rRNA genes) was quantified in 16 different
European effluents of WWTPs over the two sampling campaigns. Also the abundance of nine
ARGs, conferring resistance to beta-lactams (blaTEM, blaOXA-48, blaOXA-58, blaCTX-M-15, blaCTX-
M-32, blaKPC-3), sulfonamides (sul1), tetracycline (tetM) and polymixin (mcr-1) and of the class
1 integrase gene (intI1) were determined. Effluent samples from the two different sampling
campaigns showed no considerable variation for each of the screened ARGs. In 50% of the
cases the ARG concentrations between the two campaigns did not differ by more than a factor
of 2. Inter-campaign variations exceeding one order of magnitude were rarely observed (8%
of the cases, mostly attributed to a single plant).
In general, the variation of the abundance of the analysed genetic determinants was consistent
over all WWTPs and therefore the absolute abundance (ARGs/100 ml) of the analyzed genes
could be ranked along the following order: intI1 > sul1 > tetM > blaOXA-58 > blaTEM > blaOXA-
48 > blaCTX-M-32 > mcr-1 > blaCTX-M-15 > blaKPC-3 (Fig. 4.1). The LOQ of the screened genetic
components ranged from 104/100 ml (16S rRNA and intI1) to 103/100 ml (sul1, tetM, blaOXA-
58, blaTEM, blaOXA-48, blaCTX-M-32, mcr-1, blaCTX-M-15, blaKPC-3). In addition, it is important to
note that mcr-1, blaOXA-48 and blaKPC-3 were not detected in all effluents. The overall absolute
abundance of ARGs and intI1 in the WWTP effluent samples did not follow a clear
geographical pattern. The samples from the WWTP in Cyprus contained always the lowest
abundance of ARGs in effluents, except in the case of blaCTX-M-32. Figure 4.1 illustrates the
median of the measured absolute abundance. Essentially, based on their absolute abundance,
three groups of genes can be distinguished: 16S, intI1, sul1 and tetM, forming the group with
the highest concentration; resistance genes coding for beta-lactamases blaTEM, blaOXA-58,
blaOXA-48, blaCTX-M-32, blaCTX-M-15 and blaKPC-3 cluster forming a group with intermediate/low
concentrations. The gene mcr-1 was detected and quantified in all of the investigated
effluents, except for NO2 and CYP.
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Figure 4.1 Absolute abundance of the monitored ARGs in the receiving rivers upstream (a) and in the effluents
of European WWTPs (b) for both sampling campaigns. Boxes indicate quartiles and the median. Points represent
outliers, the latter being defined as data points being more than 1.5 times the interquartile range from the box.
Whiskers extend to the most extreme data points not being classified as outliers. From Cacace et al. 2019.
In order to identify which parameter might affect the absolute abundance of ARGs in each of
the effluents of WWTPs, the collected data were separated into two main groups for each of
the metadata parameters assessed for the WWTPs (nr. of hospital beds in the catchment, nr. of
biological stages, COD effluent concentration, nr. of hospitals in the catchment, geographical
latitude, plant size). The results of the analysis are represented in Figure 4.2. The only factor
that shows a significant correlation with the absolute abundance of ARGs is the number of
biological steps. Both intI1 and blaTEM (p < 0.001), together with 16S and sul1 (p < 0.01), are
significantly reduced in WWTPs combining a high loaded first step (C-removal) with a
subsequent low loaded second biological step (N removal). The same is noticeable for blaOXA-
58 and tetM (p < 0.05). For all the other investigated parameters, no clear trend or pattern
correlating with ARGs concentrations was observed.
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Figure 4.2 Absolute abundance of the quantified genes in WWTP effluents for both sampling campaigns. Boxes
indicate quartiles and the median; points represent outliers according to the conventional 1.5 x IQR rule.
Whiskers extend to the most extreme data points not being classified as outliers. A two-sample t.test was carried
out on the log-transformed data to test for shifts in location due to the respective factor (* p < 0.05; ** p < 0.01;
*** p < 0.001; p-values were adjusted for each of the sub-figures accounting for the 11 tested genes). From
Cacace et al. 2019.
During the second sampling campaign, besides the WWTP effluents, samples from the
receiving river upstream and downstream of the discharge points were also collected. The
results of the measured absolute ARGs abundance are also shown in Figure 4.2. Interestingly,
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we can observe a similar ranking for the ARGs abundance as in the WWTP effluent samples,
with some minor variation within the above-formulated groups.
The observed pattern (Figure 4.3) shows that for most of the quantified genetic elements, the
absolute abundance is higher in WWTP effluents compared to upstream corresponding
samples. A more detailed analysis of Figure 4.4 shows, that with the exception of Norway
(NO2), TR, AT and DE5, all the investigated locations show the same relation of the two
sampling points (Effluent > Upstream) for the most abundant analysed components (blaOXA-58,
sul1, tetM and intI1). While DE5 and NO2 do not show any considerable difference between
upstream and effluent, TR and AT display a higher absolute abundance of ARGs upstream
than in the effluent, suggesting that the receiving water body has eventually been exposed to a
considerable source of ARGs further upstream to the sampling point e.g. by combined sewer
overflows (Garner et al., 2017) or surface runoff (Almakki et al., 2019). The absolute
abundance of intI1 was always highest in all the locations and in both sampling points, the
only exceptions were the effluent of TR and NL. In the rivers, the mcr-1 gene has been
detected in four cases upstream the WWTP (TR, PT, DE5, NL). It was not possible to reliably
quantify the gene, as its number of copies per 100 ml was rarely above its LOQ.
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Figure 4.3 Absolute abundance of screened ARGs upstream (blue), downstream (pink) and in the effluent (red)
of each of the investigated WWTP. ARGs are ranked from left to right in ascending order. From Cacace et al.
2019.
As outlined in Sec. 2.3, the impact of treatment plant effluents on the receiving rivers has
been quantified in terms of the ratio Cd/Cu relating the ARG concentration downstream of the
effluent site to the corresponding upstream value. In accordance with expectation, the ratio
Cd/Cu exceeded the value of 1 for the majority of WWTPs and resistance genes, indicating a
rise in the in-stream level of ARG due to the plant effluent (Fig. 4.4). However, Fig. 4.4 also
indicates that the estimated ratios are not strong predictors of resistance dissemination. The
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use of measured ARG concentrations at the downstream sampling site (Cd) generally results
in larger estimates of Cd/Cu as compared to a situation where Cd is approximated by Eqn. 4.1
Figure 4.4 Impact of WWTP effluents on the receiving rivers expressed as the ratio of ARG concentrations
downstream (Cd) and upstream (Cu) of the discharge site. Each label represents a particular plant and sampling
date. The observed ratio (vertical axis) was inferred from measured ARG concentrations alone while the
expected ratio (lower axis) is based on values of Cd obtained from Eqn. 1. Labels close to the diagonal indicate a
perfect match between the two estimates of Cd/Cu. The vertical and horizontal line separate cases with Cd > Cu
(apparent pollution) from cases where Cd < Cu (apparent dilution). Axes are log scaled due to different rations
between investigated genetic elements and sampling points. From Cacace et al. 2019.
Since reliable hydrological information was unavailable for some canals and highly regulated
rivers, Eqn. 4.1 was not applicable everywhere and the analysis depicted in Fig. 4.4 was thus
restricted to a total of nine locations.
For the genes mcr-1, blaCTX-M-15, blaCTX-M-32 and blaKPC-3 reliable estimates of Cd/Cu could not
be computed because the measured in-river concentrations upstream (Cu) of the plant were
mostly close to / below the LOQ of about 103 copies (100 mL)-1. However, downstream of the
plants these ARGs were quantifiable in many cases, suggesting an impact of the effluent on
the receiving water body. Advanced methods such as droplet PCR might be able to allow to
precisely quantify low abundant ARGs, and could be used to investigate the impact of the
effluents of WWTP on the receiving environments.
4.4 Discussion
This study has achieved its first objective and produced a comprehensive qPCR dataset on
quantified selected ARGs in WWTP effluents and the receiving rivers across various
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European countries. The data provided by this study give a first environmental standard for
qPCR based quantifications of these selected ARGs. Due to the uniform distribution pattern
of absolute abundance of ARGs throughout Europe, future studies can compare their
quantifications to this study and conclude if they have detected comparatively high or low
concentrations of ARGs. Furthermore, this investigation verifies previous case studies results
that the analysed component with the highest concentration is intl1 followed by the sul1 gene,
which is often associated to class 1 integrons (Gillings et al., 2015). Furthermore, the results
demonstrated that the abundance of the analysed resistance genes could be clustered in three
groups, and these results were surprisingly consistent throughout Europe. The first group of
abundant ARGs consisted of the above mentioned intI1 and sul1 genes, the second group of
intermediate abundance, with all values above the LOQ, were tetM, blaTEM, blaOXA-48 and
blaOXA-58. The third group mcr-1, blaCTX-M-15 and blaKPC-3 could be viewed as emerging ARGs
in the environment as they are detected at comparatively low abundance, and sometimes the
values did not pass the LOQ threshold. However, if scientists perform future studies and
endeavour to compare their results to this study, they should follow the guidelines given in
Rocha et al., (2018) and Heß et al., (2018) and they should be aware of the fact that, an
interlaboratory error margin or variation of up to 30% needs to be considered (Rocha et al.
2018). If taken these considerations into account the values of the concentrations differ
strongly to the here presented ones, it can be concluded that the values might indicate unique
local or regional processes.
This study is one of the first studies on a pan-continental scale investigating the abundance
and dissemination of ARGs in WWTPs and inland freshwater bodies. Absolute abundance of
ARGs did not exhibit biogeographical patterns in WWTP effluents. This suggests that it is
unlikely that environmental factors, such as climate or latitude, are driving the pattern of
ARGs in European WWTP effluents. Similar results have been documented by Zhu et al.,
(2017) for a continent-scale study in China.
All across the sampled WWTPs, the most abundant genes were the class 1 integron integrase
gene intI1 and the sul1 gene coding for sulfonamide resistance. Both have been extensively
reported to be identified as genetic markers associated with anthropogenic influenced
environments such as WWTPs (Gillings et al., 2015; Nardelli et al., 2012) and surface waters
receiving their treated effluents.
The samples originating from the Cypriot WWTP effluents showed the lowest absolute
abundance of ARGs among the investigated plants. Possibly this result is due to the
wastewater treatment technology used. As a matter of fact, unlike the other investigated
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WWTPs, the Cyprus facility implements MBR technology for the separation of treated water
and activated sludge, which has been proven to be an efficient technology to reduce the
absolute concentration of both antibiotic resistant bacteria (Schwermer et al., 2018) and
subsequently ARGs (Kappell et al., 2018) due to particle retention.
Our findings show that even WWTPs that are equipped with a secondary clarifier are
responsible for a significant reduction of four ARGs (sul1, tetM, blaOXA-58, blaTEM) and intI1.
Considering the simultaneous reduction of 16S rRNA, this observation can be attributed to
sedimentation of activated sludge particles in the clarifier. The finding is in agreement with
the results of previous studies (Li et al., 2017; McConnell et al., 2018), that investigated the
fate of the same genetic markers.
Hospitals are generally considered a direct source of ARGs (Hocquet et al., 2016; Szekeres et
al., 2017; Varela et al., 2013). According to our data, however, the number of hospitals and
the number of hospitalized patients do not have a significant impact on the amount of ARGs
released from the WWTPs. The results rather confirm that hospital wastewater - in terms of
ARGs load, have a minor contribution (0.2-2%) to the total amount of wastewater collected
from an urban area (Buelow et al., 2018; Carraro et al., 2016). This observation, however,
does not preclude the possibility that locally, hospitals may have an impact on the WWTP
effluents. Furthermore, it should be noted that neither effluent COD nor the size and
geographical location (latitude) of the WWTP correlate to the concentration of ARGs copies
released from the treatment facilities.
WWTPs and their effluents represent a situation where a high diversity of bacteria, antibiotics
and other pollutants from the urban area mix together with environmental bacteria, turning
them into hotspots for the evolution and spread of antibiotic resistance (Karkman et al., 2018;
Pruden et al., 2012; Rizzo et al., 2013; Wu et al., 2019). ARGs have been extensively reported
to be ubiquitous in both wastewater and in downstream environments across all Europe
(Freeman et al., 2018; Moura et al., 2007; Oberlé et al., 2012; Szczepanowski et al., 2009).
Similarly, our findings indicate that European WWTPs are releasing treated effluent
containing concentrations of ARGs that are higher in absolute abundance than those measured
in the receiving environment.
However, the impact on the receiving water body cannot be deduced from the effluent
concentration data alone but the discharge from the plant in relation to stream flow must be
taken into account (Fig. 4.4). Our data suggest that the impact of a particular WWTP on the
receiving river is determined by both, the gene concentration in the effluent water and the
local hydrological situation. Six out of ten measured genes were always detected (blaTEM,
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blaOXA-58,, blaCTX-M-32,, sul1, tetM, intI1) in all sampling points (Upstream, Effluent and
Downstream) for each of the screened locations (Fig. 4.3).
In this investigation, special attention has been given to mcr-1. This ARG, located on highly
mobile plasmids, has been detected for the first time by Liu et al., (2016) in E. coli isolated
from raw meat and Chinese inpatients. It has been afterwards detected in bacterial isolates
originated from pig farms or slaughterhouses of various countries such as Mexico (Garza-
Ramos et al., 2018), Japan (Kusumoto et al., 2016), USA (McGann et al., 2016), Vietnam
(Nakayama et al., 2018), Korea (Yoon et al., 2018) and throughout Europe (El Garch et al.,
2018). On the other hand, the occurrence of mcr-1 in freshwater environments is confined to a
limited number of studies (Hembach et al., 2017; Lekunberri et al., 2017; Yang et al., 2017).
The most likely explanation for the numerous cases of reported presence of mcr-1 in this
study, in both WWTP effluents and surrounding environments, is that this ARG is widespread
within European WWTPs and that, in accordance with Hembach et al., (2017), it is able to
withstand the treatment processes and eventually to be persistent in downstream
environments.
Also, in the case of the receiving rivers, intl1 and sul1 were the most predominant genes, and
they are often used as proxies of anthropogenic pollution (Djordjevic et al., 2013; Domingues
et al., 2012; Eckert et al., 2018) in both WWTP and surrounding environments. Our results
question the sole use of sul1 and intI1 as proxies, at least in an urban environment, as their
concentrations in the WWTPs and the receiving rivers are similar (Fig. 4.1 and Fig. 4.3),
making it difficult to assess the impact of a WWTP on the receiving system. The reason may
be that the receiving water is already enriched with genes such as intI1 or sul1, due to e.g.
combined sewer overflows, intensive agriculture, or WWTP effluents located upstream of the
sampling points. Note that the similar pattern of intl1 and sul1 is not surprising, as they are
suggested to be physically linked in many cases (Uyaguari-Díaz et al., 2018). Our data
suggest that gene blaOXA-58 would be a better proxy, since it often occurs at lower
concentrations upstream, but at higher concentrations in the WWTP effluent and downstream
of the effluent (Fig. 4.3 and Fig. 4.4). In addition, the concentrations of blaOXA-58 were always
above the LOQ. Therefore, this work encourages further studies on the prevalence of blaOXA-
58. This ARG has been considered to be almost exclusively associated with Acinetobacter
baumannii, an opportunistic pathogen known to cause nosocomial infections (Heritier et al.,
2005). But recent studies have found blaOXA-58 also to be linked to several environmental
bacteria genera, suggesting that this ARG is prevalent in more bacterial groups than originally
thought (Hultman et al., 2018; Xin et al., 2019).
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The results of this study indicate that many European surface waters are enriched with ARGs
due to the discharge of treated municipal wastewater (see, e.g., the cases of DE2, DE3, NL,
and PT in Fig. 4.3). Nevertheless, some unexpected local exceptions were also encountered as
illustrated, for example, by the data of the Austrian and Turkish WWTP and their receiving
rivers. Here, future studies are warranted to find an explanation of these unusual exceptions
(Fig. 4.3, cases AT and TR).
For several ARGs and sampling points, considerable mismatches between the observed and
computed concentrations downstream of the WWTP were identified (Fig. 4.4). These
deviations possible reflect incomplete mixing between effluent and river water, uncertainty in
the hydrological information processed through Eqn. 1, or unknown sources and sinks of
ARG within the studied river sections. Interestingly, the observed concentrations downstream
of the WWTP were typically equal or even higher than anticipated from the mass balance
(Eqn. 4.1) suggesting that the emitted ARGs do not undergo instant elimination from water
phase. Generally, the collection of consistent data in a multinational context turned out to be
challenging. Specifically, this study has identified two major critical points, which should be
considered for future studies: a) To obtain sound and complete information on the river
catchment and the local hydrological situation, the collection of reliable metadata must
receive particular attention. This should also include detailed attention towards potential
pollution sources upstream the target impact point. b) To define an accurate sampling strategy
aimed to minimize the risk of biased measurements, resulting e.g. from incomplete mixing,
accordingly the downstream sampling site must be chosen with special care
In spite of these challenges, the study also demonstrated an unexpected consistency: namely
the ranking of ARG abundances (intI1 > sul1 > tetM > blaOXA-58 > blaTEM > blaOXA-48 >
blaCTX-M-32 > mcr-1 > blaCTX-M-15 > blaKPC-3) was almost identical for all WWTPs effluents
and the receiving waters within Europe and therefore these results may well be of general
significance.
4.5 Conclusions
The challenges connected to the study of antibiotic resistance in environmental reservoirs are
mainly related to the definition and understanding of the processes behind the transport of
contaminants in the different environmental matrices (soil, water, sludge, etc.). Thus, the
identification of strategies to limit the spread of clinically relevant ARGs is the driving force
behind this work.
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In this study, we monitored WWTP effluents across Europe and estimated their loadings of
ARGs in downstream water environments, in order to provide basic data on the proliferation
of ARGs in the environment.
Specific implications include the following:
WWTP are responsible for the discharge of considerable amounts of ARGs in the
downstream water bodies. Abundance of the monitored genetic markers could be
ranked according to the following order : intI1 > sul1 > tetM > blaOXA-58 > blaTEM >
blaOXA-48 > blaCTX-M-32 > mcr-1 > blaCTX-M-15 > blaKPC-3
The calculation of mass balances, in order to evaluate the impact of WWTPs on the
receiving waters, needs a carefully designed sampling scheme, with repeated spatial
and temporal sampling in the receiving waters along with detailed metadata on the
catchment.
Further research is needed to understand the dynamics that occur downstream of the
WWTPs. In order to be able to reliably study and understand the fate and behaviour of
ARGs in natural environments, this study has identified blaOXA-58 as a possibly
suitable candidate resistance gene for such studies.
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5.1 Introduction
The interest on how antibiotic resistance can disseminate via HGT, promoted by MGEs such
as plasmids or integrons (Berglund, 2015; Wozniak and Waldor, 2010), is a topic of constant
interest in the scientific community. Particularly in regards to integrons, who are ubiquitous in
the environment  but their abundance is often linked to heavily anthropized environments
(Berglund, 2015; Hardwick et al., 2008; Jechalke et al., 2014; Wright et al., 2008). Thus,
integrons, and especially the class 1 integrase gene (Intl1) have been widely utilized as a
proxy for the human impact on the environment (Cambray, et al., 2010; Hong et al., 2013;
Nardelli et al., 2012). WWTPs characteristics, type of treatment, antibiotic concentration in
the wastewater and geography are proven to be an aspect that affects the frequency of
integrons in these types of facilities (Mokracka et al., 2012). Stalder et al. (2014) shed light on
the diversity of the gene cassettes (CGs) in WWTPs, finding that the diversity of CGs in the
outflow significantly decreased compared to the influent, suggesting an effect of the
biological treatment on the GC variability.
Although the integrase genes are widely used as proxies for human impact of a given
environment, relatively few studies have investigated the GC content of integrons directly
from environmental samples (Gillings et al., 2008b; Huang et al., 2008). From analysis
performed on specific strains of cultured bacteria, it resulted that integron GCs are often
composed by ARGs conferring resistance to -lactams and
erythromycin (Stalder et al., 2014; Tennstedt et al., 2003; Zhang et al., 2009)
In this chapter, a novel Illumina-based amplicon sequencing is described, in order to be able
to investigate and asses the composition of a significant amount of integron GCs in samples
originated from the effluents of 12 different European WWTP.
5.2 Materials and methods
The samples collected during the first sampling campaign described in chapter 4 were also
processed for the amplification of integron GC. The filtration of the samples and subsequent
DNA extraction was performed as described in chapter 4.2
Amplification of the integrons GCs was performed as described by Stokes et al., (2001) .The
59-base element, flanking the GCs, was targeted by the HS286 and HS287 primers.
5. Analysis of integron gene cassettes composition in treated wastewater
56
Negative controls were included in all of the PCR amplification reactions, and only reactions
without amplification products in the negative controls were used for sequencing.
More detailed information on methods utilized for sequencing, assembly and classification are
provided by Gatica et al (2016).
5.3 Results
The novel Illumina-based amplicon sequencing applied in this study generated, for each
sample from the 12 WWTPs effluents across Europe, 38,100 to 172,995 high quality reads. In
order to be able to assess the relative abundance of the GCs associate to integrons, the
obtained reads were mirrored with sequences in SEED databases. The outcome indicated that
between 13 and 86% of the reads were predicted to encode for integron gene cassettes
proteins (Koenig et al., 2008). By screening the results of the GC amplicon sequencing
against the ARDB database, it showed that a high relative abundance of genes encoded for -
lactamases, aminoglycoside acetyltransferases, aminoglycoside adenylyltransferase and
dihydrofolate reductases (Fig 5.1).
Figure 5.1 Abundance of the most dominant integron-associated antibiotic resistance mechanisms in the 12
targeted European WWTP effluents based on comparisons to the ARG Database. Gene abundances were
normalized to the average number of total reads for each sample. Legend: Aminoglic.= Aminoglicoside;
Multidrug eff.=Multidrug efflux, ABC transp.= ABC transporter; Macrolide t.= Macrolide transporter; PCN-
bin.p.=Penicillin-binding protein; ATP-bind. p.= ATP-binding protein, and Hyp. p.= Hypothetical protein.
Modified from Gatica et al. 2016.
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-lactamase were most abundant in effluents
samples originated from AT, DE1, DE2, FR, IL, PT, and UK; aminoglycosides resistance
genes were most dominant CY1, CY2, NO, and IT effluents, while dihydrofolate reductases
were abundant in the DE3 effluents.
Among the total integron GC-associated reads, 0.009% to 1.04% have been characterized as
-lactamases, an extremely abundant and important group of ARGS from a clinical viewpoint.
Among the 12 investigated WWTPs effluents, IT, IL, CY1 and DE2 contained the highest
-lactamases. Among this ARGs group, the specific variants of blaOXA
-lactamase
genes blaIMP and blaOKPA were only detected in the IT effluent (Fig 5.2).
Figure 5.2 -lactamases in integrons from the 12 European WWTPs based on comparisons to the
EX-B database. Gene abundances were normalized to the average number of total reads for each sample.
Modified from Gatica et al. 2016.
To validate the above-mentioned results, qPCRs have been performed targeting blaOXA and
blaGES in all the investigated samples, showing similar trends with the results described by the
amplicon sequencing.
5.4 Discussion
Highly anthropized environments, such as WWTP and animal husbandry installations are
considered to be a major source of dissemination of ARGs to downstream environments.
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Special attention has been given in this section to the ARGs linked with MGEs, such as
integrons, which can be mobilized also across different ecological niches.
One of the main challenges has been to monitor and track the GC-associated genes in
complex and heterogeneous environment such as WWTPs, with special attention in the
characterization of integron associated-ARGs.
The most abundant GC-associated ARGs in the effluent samples originated from 12 European
WWTPs, encoded -
lactamases. These findings are in agreement with results obtained by other groups working on
a variety of different environmental matrixes (Elsaied et al., 2011; Holmes et al., 2003;
Koenig et al., 2011).
In this study, special attention has been focused on -lactamases, due to their clinical
relevance and known association with MGEs. Among all the 12 analyzed WWTPs effluents,
around 90% of the GC-associated -lactamases were linked to blaOXA (encoding resistance to
carbapenems and third generation cephalosporins) (Essack, 2001) or blaGES (encoding
resitance to carbapenems and ESBL) (Naas et al., 2008) families. The presence and
abundance of blaOXA in WWTP has been widely proven and investigated (Amador et al.,
2015; Guo et al., 2011; Korzeniewska and Harnisz, 2013; Laht et al., 2014; Moura et al.,
2007).While blaGES has only been detected in IL and CY, indicating that integrons carrying
blaGES may be more abundant in southeaster Mediterranean countries, such as in fact Israel
and Cyprus.
The validation procedure performed by specifically targeting blaOXA and blaGES genes via
qPCR, revealed similar trends in their distribution as in the integron GC analysis. Some
discrepancies were found, such as the detection of the ARG blaGES in the qPCR validation in
samples (DE1, DE3, FR, and AT) where it was not detected in the amplicon GC analysis.
These discrepancies could be influenced by the higher sensitivity of the qPCR method.
The methodology presented in this chapter contributes, with a simple high-throughput
pipeline, to the characterization and tracking of integron-associated GCs; that if supported by
long reads next generation sequencing (i.e. Pac-Bio) could become significantly more robust
information and provide whole genome sequences of the GCs.
This study proved blaOXA variants to be ubiquitous among integron GCs in European
WWTPs. Supporting the suggestion, already described in chapter 4, that this group of ARGs
could be considered as an ideal candidate for the evaluation of the impact of human activities
on the surrounding environments.




Combined sewer overflows (CSOs) are sewer systems that collect urban wastewater and
stormwater runoff in the same pipe and transport them to the WWTP, designed to overflow in
case of heavy precipitation events (Scheurer et al., 2015). During periods of extraordinary
rainfall events the capacity of the sewer system can be exceed and the excess water will be
discharged directly to the receiving water body without prior treatment (Fig 6.1).
Figure 6.1 Scheme of a conventional CSO (modified from https: //whenitrains.commons.gc.cuny.edu/files
/2013/06/CSO_Diagram_Seattle.jpg)
Urban runoff waters originate from human activities and therefore carry chemical pollutants
(petroleum by-products, pesticides etc.), sediments, heavy metals, nutrients and bacteria
(Välitalo et al., 2017). As wastewater, water originated from combined sewer overflow events
is likely to have the characteristics that might foster the dissemination of ARB and ARG
(Almakki et al., 2019).
The presence of runoff water in sewage wastewater has been documented to cause the
variations of physical and chemical parameters in the receiving water bodies (Shakir et al.,
2013). Various works have reported an increase in the water temperature downstream CSOs
(Paule-Mercado et al., 2016; Tobias, 2013), this increase in temperature has a negative impact
on the aquatic ecosystem and a strong influence on the bacterial community dynamics.
The pH of urban water runoff is in general alkaline (Kumar and Prabhahar, 2012), indicating a
possible metal contamination due to metal roofs runoff and road traffic (Adeniyi and
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Olabanji, 2005; Lye, 2009). Heavy metals are commonly known to be pollutants of water
bodies (Seiler and Berendonk, 2012), storm water (Lundy et al., 2012) and urban runoff water
(Göbel et al., 2007).
The variations of the environmental conditions driven by physical and chemical factors
represent a cause of stress for bacterial communities whose structure and profiling is tightly
interconnected with its resistome (Zhou et al., 2017).
In the specific case of Germany, approximately 65% of the sewer networks are combined
systems where urban and industrial wastewater are conveyed, together with surface and storm
water runoff, in one sewer (Frechen et al., 2006). Combined sewers are designed to collect up
to twice the amount of dry weather discharge (Scheurer et al., 2015). However, during heavy
rainfall events, up to seven times more water is conveyed into the sewer system (Uhl and
Dittmer, 2005). With an estimation of 30% up to 50% of annual storm water runoff being
discharged via CSOs into receiving water bodies (Brombach et al., 2005).
In this chapter, samples collected from three German CSOs were investigated for the
abundance of ARGs and compared with the data described in chapter 4 for the corresponding
WWTP. With the objective to expand our understanding of the impact that CSOs have on the
dissemination of ARG in the surrounding water environments.
6.2 Materials and methods
Sampling campaigns were conducted in CSO facilities of 3 WWTPs in Germany. Samples
were collected every time the online monitoring stations, installed on the CSO unit, indicated
that an overflow event was taking place. In detail, the CSO unit of DE2 has been sampled 7
times, over a period of approximately 2 years, (20.09.2016, 25.02.2017, 07.03.2017,
15.05.2017, 14.07.2017, 02.08.2017, 10.08.2017), while the sites of DE7 (10.08.2017,
05.11.2017) and DE1, 3 times (12.07.2017, 31.08.2017, 04.01.2018).
For each sampling campaign, 1L of grab samples has been collected. Afterwards, the samples
were transported in sterile glass bottles to local laboratories, where two 300 mL replicates
. The following DNA
extraction and qPCRs were performed following the instructions previously described in
chapter 4.2.




The absolute bacterial biomass was assessed by quantifying the 16S rRNA gene in 3 German
WWTP associated CSOs. In addition, the absolute abundance (copies/100ml) of the class 1
integrase gene (Intl1) and of 9 ARGs was estimated.
Overall, the sampling locations could be ranked as follows: DE2 > DE7 > DE1 in the regard
to the overall absolute abundance of each quantified gene (Fig. 6.1). Ranking, that is directly
proportional to the size of the catchment area of the combined sewer system (Table 6.1). No
significant differences have been detected between the majority of the sampling sites and for
the analyzed genes. Exceptions pertain to Intl1 and blaOXA-58, where DE7 displayed a higher
abundance than DE1. In addition, the case of DE2 showed significant higher levels of blaKPC-3
and MCR-1 compared to DE1. Lastly, sul1 being more abundant in the CSO of DE2 than the
one in DE7.
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Table 6.1 Characterisation of the three investigation sites with regard to WWTP catchment area and CSOs
Sampling Locations DE1 DE2 DE7
WWTP Total Catchment Area [ha] 1,711 12,160 6,300
Max. Volume CSO [m³] 7,740 91,200 13,600
In order to assess the impact and the role that CSO play in the dissemination of ARGs in
downstream environment, the data collected in the facilities of DE1 and DE2 have been
compared to the data acquired from the respective WWTP effluent already presented in
chapter 4.
The pattern observed for the samples collected in DE1 (Fig 6.3) did not show significant
differences, in terms of absolute abundance, between the CSO and effluent sampling point.
With the solely exceptions of blaKPC-3 and sul1.
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The second CSO facility (DE2) taken into consideration in this chapter, exhibited also a sharp
analogy of ARG abundance between effluent and CSO samples (Fig.6.4), with the exception
of the most abundant genes (16S rRNA, Intl1 and sul1), blaTEM and blaKPC-3. The gene blaOXA-
48 in contrast with all the other investigated genes, has been found to be significantly more
abundant in CSOs than in the WWTP effluent. In contrast with the data retrieved from DE1,
this specific WWTP effluent is the main source of bacterial biomass (16S rRNA) compared to
the respective CSO.
6.4 Discussion
In chapter 4 the direct impact of WWTP effluents on the surrounding downstream water
environments has been explored. Furthermore, with the intention to better understand local
variations and to investigate the influence that storm water events have on the freshwater
resistome, samples from three German CSO facilities have been analyzed.
The comparison of the absolute abundance of 16S rRNA, Intl1 and ARGs between three
regional CSO did not show high significant variations among the screened facilities.
Nevertheless, the ranking of the sampling location according to their absolute abundance of
quantified genetic component was found to be strictly related to the size of the catchment area
of the sewer system. Suggesting that the catchment area size may also have an influence on
the variation of both the concentration of antibiotic residues and ARGs (Li and Zhang, 2011).
The abundance of the majority of ARGs did not significantly differ between the CSO and the
effluent samples for the case of DE1, indicating that CSOs contribute to the dissemination of
ARGs in levels that are comparable to the ones discharged by WWTP effluents (Eramo et al.,
2017; Young et al., 2013). However, in the case of the CSO vs. WWTP effluent comparison
of DE2, it is noticeable that the effluent has a higher impact than the CSO with regard to the
most abundant determinants (16S rRNA, Intl1 and sul1). On the other hand, as in the case of
DE1, no significant difference is noticeable for the other investigated ARGs. Suggesting that
the bacterial community composition in large combined sewer systems differed from those in
the WWTP effluent and surrounding waterways (Matsui et al., 2017; Wu et al., 2019). Being
this a potential reason for the reported variations in the abundance of ARGs.
Interestingly, the most important similarities between the two sampling sites are the ones
regarding the blaKPC3 and blaOXA genes. blaKPC3 has been found to be significantly more
abundant in WWTP effluents than in CSOs for the both investigated locations. Result that
could indirectly indicate the possible dissemination of blaKPC3 gene between different
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bacterial groups within the WWTP and therefore its increased abundance in the effluent
(Piotrowska et al., 2019). Supporting, once more, the hypothesis that WWTPs are hot spots
for clinical originated ARGs (Berendonk et al., 2015; Rizzo et al., 2013).
Being blaOXA-48 constantly detected in higher amount in CSOs than in the respective effluent,
and the variant blaOXA-58 found in comparable concentrations between CSO and treated
effluent. Suggests CSOs to be a hypothetical additional source of these ARGs variants,
reiterating what already reported in various studies (Gatica et al., 2016; Marano et al., 2019)
and in chapters 4 and 5 about the opportunity to utilize blaOXA genes as proxies for the
investigation of the impact of human driven activities on the surrounding water environments.
Information obtained from the observation of the absolute abundance of genetic components,
in CSO and in effluent of the respective WWTP, demonstrate that CSO are an unneglectable
intake of ARGs to the environment. They display abundance levels comparable to the ones
found in WWTP effluents.
In conclusion, if WWTP effluents are widely considered as one of the main anthropogenic
sources of ARGs discharged into the environment (Czekalski et al., 2014; Manaia et al.,




In this doctoral thesis, the abundance and persistence of antibiotic resistance genes in human
impacted environments was analysed using molecular methodologies. From the findings of
this work, it is undeniably clear that WWTPs play a central role in the dissemination of
antibiotic resistance in the environment. In chapters 2, 4 and 5 the impact of WWTP effluents
on the surrounding water environments has been investigated, indicating that WWTP are
responsible for the discharge of considerable amounts of ARGs in the downstream water
bodies, independent from the country or the technology of the wastewater treatment.
In chapter 2, the seasonality of ARGs abundance is not correlated with neither the facility
treatment nor the microbial composition but rather with the rates of antibiotic prescription. On
the other hand, no significant differences have been observed in the relative abundance of the
ARGs between inflow and outflow samples. Strengthening the conviction that resistant
bacteria are selected for resistance already in the human gut, and their subsequent passage
through the WWTP fosters the transfer of the ARGs via HGT and their dissemination in the
downstream environments.
In chapter 3, the major task has been the assessment of the variations of qPCR data, obtained
in various laboratories. In order to prove if the obtained quantification, of specific ARGs,
could be compared and if possible variations could be detected and determined. Finally,
discrepancies have been detected (< 28%) between all the involved laboratories. The reported
fluctuations are considered to be influenced by the equipment used rather than the mastermix
or the handling from the operator.
The hypothesis that WWTP effluents are a source for the spreading of ARGs and mobile
elements in downstream aquatic environments, independent from the treatment processes and
the country of origin, is what has been investigated in chapter 4. The above-mentioned
hypothesis has been proven by the high levels of ARGs discharged in the downstream water
bodies from the majority of the investigated WWTPs. On the other hand, what is still needed
to be investigated are the dynamics that occur downstream the treatment facilities. This study
has identified the ARG blaOXA-58 as a proxy for future studies on the impact of human
activities on the downstream water bodies.
Integrons are also, like ARGs, ubiquitous in aquatic environments, especially those heavily
impacted by human activities. In chapter 5, intensive attention has been directed towards the
ARGs linked to MGEs. With the aim to characterize and monitor of integron associated-
ARGs in highly heterogeneous environments, such as WWTPs. Among the various ARGs
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detected, the most relevant finding was related to the assessment of the wide spreading of the
gene blaOXA variants, reinforcing the opinion expressed in chapter 4.
The role that CSO play in the dissemination of ARGs in downstream water environments was
the major topic of chapter 6. The results of this chapter suggest that CSOs have a comparable
adverse impact than effluents from WWTPs. Making those structures the main contributors to
river pollution besides heavy metals, organic matter also of ARGs. Suggesting a deeper
attention, from scientific community and stakeholders, on the negative influence that CSO
have in the surrounding water environments.
The results presented in this thesis indicate that contamination originated from WWTPs and
CSOs plays an important role in contributing to increasing levels of ARG concentrations in
anthropogenically affected aquatic environments.
In this work only the surface of the antibiotic resistance problem has been scratched, many
questions still need to be investigated. What are the main mechanisms affecting the rate of
transfer in the wastewater between bacteria? Which bacteria are carrying the resistance genes?
What are the risks related to the release of ARGs in the environment from a human health
point of view?
Future studies must to be oriented towards the answer of these questions and the
understanding of the role that the environment plays in the dissemination of ARGs. Thus is of
crucial importance that policy-makers, scientists, food animal producers, farmers from every
region worldwide engage and deal with this global problem. Standards for acceptable ARGs
concentrations in aquatic and terrestrial environments are needed in order to inform policy-
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